INTRODUCTION

T
he neurological electrical activity set off by a light stimulus is known as visual evoked potential (VEP) and is obtained by skin electrodes placed over the occipital cortex after repeated retinal stimulation (1) . The VEP reflects the optic pathways functionality from the retina until the occipital visual cortex, and the measurable electric wavelets generated by bright flashing lights can be grouped into early components (waves 1, 2 and 3) and late components (waves 4 to 7) (2) . The early VEP components are not as constant as the late ones and have a controversial origin, indicating that they might represent the electrical potential of the optic nerve (3) , lateral geniculate body (4) , or even visual striate cortex (5) . There is also evidence that some potentials as early as 30 milliseconds (ms), known as subcorticals, may have a post-chiasmatic origin, bearing no relation to the ones originated from the retina (6) . Electrophysiological evaluation can also be made with the electroretinogram (ERG) (7) but sometimes, the topographical definition of certain lesions can be inconclusive, especially in cases that involve the optic nerve (7) . The possibility to record the electrical potential of the optic nerve was conceived by Sabadel et al., in 1983 , using the axonal electrovisiogram (AxEvg) technique (8) . According to these authors, the AxEvg reveals different amplitudes and latencies when compared to those found in the retina and detected in the ERG. In addition, although the AxEvg wavelets represent visual evoked potentials with similar latencies to the early VEP components (9) , the ones obtained in AxEvg have a pre-chiasmatic origin (8, 10) . Besides the original studies dated from 1983 (8, 10) , no additional reports on AxEvg have been published since then. Thus, no technical standardization or normative values are known and no clinical use has been established so far.
For clinical purposes, adequate knowledge about AxEvg electrical origins and wavelets characteristics is needed in order to interpret results accurately. The goal of the present study is to validate the AxEvg as an electrophysiological test by standardizing the technique and establishing the normative values, which will lead to the definition of its clinical indications in the near future.
METHODS
PARTICIPANTS
Normal individuals were selected from an ophthalmology tertiary center at Hospital de Base do Distrito Federal and from a private practice at Centro Brasileiro da Visão between March, 2007 and March, 2009 .
All participants had a comprehensive ophthalmic examination, including refraction and measurement of best-corrected visual acuity with Snellen charts, biomicroscopy, intraocular pressure measurement and funduscopy under pupil dilation. Patients were enrolled with the approval of the Ethics Committee in Research at University of Brasília (CEP-FM 009/2007), and all research procedures were performed in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained from all studied subjects before their enrollment.
We enrolled 140 normal individuals (280 eyes), disregarding ethnicity and from both genders, with the aim to establish normative values for AxEvg. An individual was considered normal when best-corrected visual acuity with the Snellen chart was 20/20 (or 1,0), presenting refraction between +3,00 spherical and -3,00 spherical and/or a maximum of -1,50 cilinder. We excluded individuals with any ophthalmic condition that could reduce media transparency (such as corneal leucomas, cataracts, vitreous opacities and anterior or posterior uveitis), retinal dystrophies or degenerations and neuro-ophthalmic disorders (such as glaucoma and optic neuropathies). We also excluded those with systemic chronic diseases that could cause retinal or brain ischemia (such as systemic arterial hypertension and diabetes mellitus) or that could present visual impairment due to medications (including those with autoimmune disorders).
Participants were divided into seven groups, each of them composed by 10 males and 10 females, according to age: 1-10 years-old, 11-20 years-old, 21-30 years-old, 31-40 years-old, 41-50 years-old, 51-60 years-old, and older than 60 years-old.
MATERIALS
An UTAS E-3000™ (LKC Technologies Inc, USA) electrophysiology equipment with Ganzfeld illumination and photic stimulator was used. Golden cup electrodes were connected to a pre-amplifier system (Figure 1 
TECHNIQUE AND PARAMETERS
AxEvg was performed under mesopic conditions, undilated pupils and monocular visual stimulation with occlusion of the nontested eye.
Electrode positioning followed the guidelines of the original paper (8) , with the active electrode (negative dipole) located 2 cm temporally to the outer canthus of the tested eye, the reference electrode (positive dipole) at the ipsilateral earlobe (as an ear clip) and the ground electrode at the forehead position ( Figure 2 ). After electrode positioning and occlusion of the contralateral eye, the subject was placed in front of the Ganzfeld bowl with the head over a chin rest and oriented to focus on a central fixation light emitting diode (LED).
For registration of electrical potentials we used parameters similar to those preconized by International Society for Clinical Electrophysiology of Vision (ISCEV) ISCEVled for flash VEP (11) , since there is no previous standardization for AxEvg. Thus, the flash light was set to 2.5 cd.s/m 2 , corresponding to 0 dB at the Ganzfeld bowl, and the presentation rate was set to 1.4 Hz. Skin electrodes impedances were below 5 KΩ and, in order to additionally reduce noise from muscle artifacts, eye movements or other noises un- . Nomal AxEvg wavelet, characterized by an initial positive wave (P1) followed by a negative wave (N1). P1 and N1 amplitudes were calculated from baseline to wavelet peaks and addition of P1 plus N1 amplitudes reveals the P1N1 component. Implicit time peaks were calculated from light stimulus onset to the maximum P1 and N1 amplitudes. Difference between N1 and P1 implicit time peaks reveals the P1N1 duration. For waveform analysis, 100 sweeps were averaged to reduce electroencephalographic noise. Wavelets were analyzed according to the amplitude in microvolts (μV) and to the implicit time peak in milliseconds (ms). The amplitude corresponds to the maximum (positive or negative) value in microvolt at the wavelet peak. The implicit time peak corresponds to the time from the light stimulus onset up to the wave amplitude (11) (12) .
STATISTICAL ANALYSIS
Wavelet amplitudes and implicit time peaks were individually evaluated according to age and gender using analysis of variance (ANOVA). Mean, median, pattern deviation, minimum and maximum values, and 95% confidence interval were calculated for each amplitude and implicit time peak. Correlation between age and these variables was calculated using Pearson's correlation coefficient. Tukey test was utilized when ANOVA revealed statistically significant differences between age and variables. Statistical significance was defined as p<0.05 and statistical analysis was made with SPSS software version 13.0.
RESULTS
All tested eyes revealed on AxEvg reproducible and artifact free wavelets characterized by an initial positive wave, named P1, followed by a negative wave, named N1. The P1 amplitude was calculated from baseline to its positive peak and the N1 amplitude was calculated from baseline to its negative peak. Summation of P1 amplitude plus N1 amplitude revealed the P1N1 component. Implicit time peaks were calculated from light stimulus onset (at 0 ms) to the wavelet peak (positive in case of P1 and negative in case of N1). The difference between N1 and P1 implicit time peaks was defined as the P1N1 duration in milliseconds (Figure 3) .
The normal values for amplitude and implicit time peak for P1 and N1 waves and for amplitude and duration of the P1N1 component, including all studied subjects (280 eyes) are shown in table 1. Descriptive data according to the studied eye, including 140 right eyes and 140 left eyes, is shown in table 2. Table 3 shows mean, pattern deviation, median, minimum and maximum values and 95% confidence interval for P1, N1 and P1N1 amplitudes in both right and left eyes according to age. Table 4 shows mean, pattern deviation, median, minimum and maximum values and 95% confidence interval for P1 and N1 implicit time peaks, and for P1N1 duration in both right and left eyes according to age.
In the comparative analysis regarding gender, the mean P1N1 amplitude in the left eye was the only statistically significant dif- (Figure 4 ). Comparative analysis regarding age revealed increasing values with aging for P1 amplitude in the right eye (p=0.01, Pearson's coefficient= 0.199), for P1 implicit time peak in both eyes (p=0.00 for both eyes, Pearson's coefficient= 0.466 for the right eye and 0.392 for the left eye), for N1 implicit time peak in both eyes (p=0.00 for both eyes, Pearson's coefficient= 0.563 for the right eye and 0.517 for the left eye), and for P1N1 duration in both eyes (p=0.003 and Pearson's coefficient= 0.246 for the right eye and p=0.004 and Pearson's coefficient= 0.237 for the left eye).
DISCUSSION
VEP elicited by bright flash lights (called flash VEP) represents a strong and resistant visual cortex response that is impaired only in cases of severe optic pathways lesions and can be used to investigate unexplained visual loss (13) (14) (15) . VEP waveforms can vary among normal individuals (15) and the parameters used to evaluate its response are amplitude and implicit time. Amplitude is related to the functional integrity of optic pathways, and implicit time is related to the conduction of visual sign along optic pathways (16) . Analyzing amplitude and implicit time allows to investigate physiopathology of several neuro-ophthalmic disorders (17) . In addition, topographic location can be determined using adequate stimulation (for example, monocular stimulation evaluates pre-chiasmatic lesions (18) ) or by association between different electrophysiological techniques (for example, association with pattern reversal ERG to detect macula or optic nerve lesions) (17) . To analyze VEP implicit time peak, one must consider that photoreceptors require 1-3 ms to produce an electrical potential to be transmitted to bipolar cells and therefore to the retinal ganglion cells, thereby generating an electrical potential. light stimulation and then it is transmitted to the visual cortex after about 50 ms (14, 19) . However, the time taken for processing retinal information, its transmission along optic pathways and its cortical processing capable to generate a recordable electrical activity, reflects about twice the actual time of driving stimulus (14) . AxEvg is a modality of visual evoked potential originally described as arising from the optic nerve (8) . It is an easily performed and low cost electrophysiological test, since it does not require special equipment or different materials from those usually employed for the flash VEP. Its normal electric response is composed by an initial positive wave, named P1, followed by a negative wave of greater amplitude, named N1, which represents the main electrical potential (8, 10) . The P1N1 component is obtained from the P1 maximum positive amplitude to the N1 maximum negative amplitude.
P1 and N1 waves were constant and reproducible in all normal eyes. Mean P1 amplitude was 2.0 μV, mean N1 amplitude was -3.9 μV, and mean P1N1 amplitude was 5.8 μV. Mean P1 implicit time peak was 23.1 ms, mean N1 implicit time peak was 41.5 ms, and mean P1N1 duration was 18.3 ms.
No significant differences were found between the right and left eyes in both males and females, similar to the findings previously described for normal values of visually evoked potentials (11) . The only exception was the P1N1 amplitude of the left eye, that presented higher mean amplitudes in normal female subjects younger than 60 years. Because this was an isolated finding among all variables and no statistically significant differences were found in P1 and N1 waves (the forming waves of P1N1 component), it is possible that this difference has no clinical significance and it may disappear by increasing the sample size.
According to age, P1 and N1 implicit time peaks and P1N1 duration increased with age, similar to normal flash and pattern reversal VEP (20) (21) (22) (23) (24) (25) . We also observed that P1 amplitude in the right eye increased with age, but this finding should be considered with caution because, although this variable has reached statistical significance, the Pearson's correlation coefficient suggests a weak association.
P1 presented a mean implicit time peak of about 23 ms (with a 95% confidence interval from 22.9 to 23.2 ms) and N1 presented a mean implicit time peak of about 41 ms (95% confidence interval from 41.4 to 41.7 ms). As low-pass (high cut) filter was set to 30 Hz in order to reduce the interference from electric potentials of periocular muscles and brain, the registered implicit time peak has increased by 5-10 ms (26) . Adjusting these values, P1 and N1 waves presented implicit time peaks compatible with those described for the early components of the flash VEP (waves 1 and 2) (2, 9) . The origin of the early components of flash VEP is controversial. Considering the mean P1 implicit time peak of 23 ms and adjusting it for artifacts related to low-pass filter, this electrical potential is similar to those described for the optic nerve, around 10 ms (3) . Likewise, the mean N1 implicit time peak, considered the AxEvg main wave (8) , has characteristics similar to the potentials generated from the retinal ganglion cells (14, 19) . Moreover, as the AxEvg technique involves monocular light stimulation, the rising waves have pre-chiasmatic origin and, thus, the potential recorded should not be confused with subcortical potentials originated in the post-chiasmatic area, with implicit time peaks of less than 30 ms (6) . The purpose of the present study was to validate the AxEvg technique and to establish its normal values. As electrical waves were constant and reproducible in all normal eyes and the study involved a wide range of participants from different age groups, ethnicity and genders, we suggest that these values may be considered normative for the entire population. However, we must point out some limitations: a) the pediatric population, due to its characteristic neurological maturation in the first years, should be studied in greater details; b) no racial distinction was made and analysis regarding different ethnical groups may present different results; and c) only normal subjects were studied. Therefore, further studies are needed and ongoing research protocols involving different neuroretinal disorders may better define AxEvg clinical indications.
CONCLUSIONS
AxEvg can be considered a modality of flash VEP capable of generating constant and reproducible electrical potentials, characterized by an initial positive wave (P1) followed by a negative wave (N1) of greater amplitude. The AxEvg electrophysiological characteristics suggest that P1 wave represents an electrical potential arising from the optic nerve and the N1 wave represents a response of inner retinal layers, possibly the ganglion cell layer. Thus, AxEvg is an easily performed non-invasive electrophysiological test that can be employed in clinical practice to detect lesions of the optic nerve and inner retina, and it can be used in electrophysiological workup alone or combined with other tests to better characterize the nature of visual impairment.
